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Nanoparticle dispersion and self-stabilization mechanism Prior studies reported silicon carbide nanoparticles could be dispersed in magnesium matrix by a self-dispersion and self-stabilization mechanism (36). There are three major factors contributing in this theory: (1) Good wetting between molten metal and nanoparticles creates an energy barrier to prevent atomic contact and sintering of nanoparticles in the melt. In our Cu-WC system, the energy barrier can be calculated by the following equation
where S is the effective area and can be calculated by S=πRD0 (D0=0.2 nm), σCu is the surface energy of Cu at the processing temperature (about 1.27 J m -2 ) (40), and θ is the wetting angle, e.g. at 1250 °C (10°) (29). In the Cu-WC system, an energy barrier of 7×10 4 zJ is obtained; (2) Thermal energy that enable nanoparticles to move randomly in the molten melt by overcoming the attractive van der Waals potential between nanoparticles. A higher thermal energy is preferred. The processing temperature for Cu-WC is 1250 °C, which provide a thermal energy of E=kbT=21.0 zJ. (3) A van der Waals potential between nanoparticles to lessen the attraction of nanoparticles from each other to form nanoparticles clusters in molten metals. A small attractive van der Waals potential is preferred. It can be calculated by the following equation (41)
where ACu = 410 zJ and AWC are the Hamaker constants, D is the distance between two nanoparticles that can be as small as two atomic layer thick (0.4 nm), R is the radius of the nanoparticle (100 nm). Although the data of Awc is not available, a 7×10 4 zJ energy barrier is several orders of magnitude higher than thermal energy. Since WC is conductive ceramic material, Awc is estimated to be in the range of 200 to 500 zJ (41), suggesting that Wbarrier would always be much higher than Wvdw for stabilization of dispersed WC nanoparticles in Cu melt.
Growth restriction factor by nanoparticles
For growth restriction by extra solute atoms, the constitutional undercooling could be described by (17)
where ΔTc is the constitutional undercooling, m is the liquidus slope in a linear phase diagram, C0 is the solute content in the alloy and k is the equilibrium solute partition coefficient, fs is the solid fraction solidified. By taking the derivative of this equation respect to fs, it has been suggested that Q can be expressed as (9, 17)
This equation indicates that the physical meaning of growth restriction factor is the initial rate of development of constitutional undercooling. Taking Al-Ti as one example, the constitutional undercooling of Al-Ti alloy system is shown in fig. S8 . Ti is the one of the most effective atoms to restrict grain growth in Al. The growth restriction factor is described as Q1, Q2 and Q3 for different Ti concentration of 0.05, 0.10 and 0.15, respectively. With higher concentration of Ti atoms in Al melt, the growth restriction factor increases. As marked by the black arrow in the fig.  S8 , a steeper slope provides larger growth restriction factor. However, the maximum solubility of Ti atoms in Al is 0.15 which limits Q to reach a maximum value as Qmax . In contrast, the new growth restriction factor, Qnp, introduced by nanoparticles enabled phase control break the fundamental limit set by Q that depends on constitutional undercooling. As far as the solidification front touches with a nanoparticle with curved shape or a nano-scale channel between nanoparticles, unlike the constitutional undercooling built gradually ahead of the solidification front, an undercooling is immediately established by the Gibbs-Thompson effect.
As shown in fig. S8 , the undercooling profile established by Gibbs-Thompson effect is a step function with an infinite large slope at the initial point. Thus Qnp which is the initial rate of the undercooling development by nanoparticles can be readily increased to a significant large number, if not infinity.
Strengthening mechanism
The strengthening from nanoparticles and refined grain structures in the as solidified samples of Cu-34vol%WC is about 647 MPa. The major strengthening mechanisms include Orowan strengthening induced from the populous and dispersed nanoparticles, Hall-Petch effect, and load bearing transfer. The contribution from Orowan strengthening (∆σOrowan) from well-dispersed nanoparticles can be calculated by the following equation (42, 43)
where Gm, b, Vp and dp are the shear modulus of the matrix, the Burger vector, the volume fraction and the size of the nanoparticles, respectively. In this study, Gm= 46 GPa, b = 0.256 nm, Vp = 0.34 and dp = 200 nm, the calculated ∆σOrowan is 333 MPa. It should be noted that this value is estimated based on ideal dispersion. The contribution from Hall-Petch effect can be calculated by the following equation ( where σi is the interfacial bonding strength between nanoparticles and metal matrix. The strong interfacial bonding between Cu and WC nanoparticles contributes in the load bearing mechanism. It is difficult to estimate the interfacial bonding strength though. Limited by the phase diagram and the maximum solubility of Ti in Al, the growth restriction factor reaches to a maximum value of Qmax in the Al-0.15Ti alloy. However, the undercooling profile of the nanoparticle enabled phase growth restriction indicates an almost infinity large Qnp.
